Introduction
Most existing solar atlases cover a continent or a country with a spatial resolution coherent with such visualization. These atlases generally depict yearly sum of Global Horizontal Irradiation (GHI). Thus they give a good idea of the large scale solar trends, which are particularly suited for an application of identification of wide areas of high solar potential. However, these large scale atlases of yearly GHI data are not appropriate for the local estimation of solar systems, such as the precise estimation of the electrical production from PV plants, Concentrated Photovoltaic CPV technologies and from Concentrated Solar Power (CSP) systems.
Such applications require a finer spatial resolution, as well as the knowledge of the other solar components (direct or Beam Normal Irradiation, BNI, and Diffuse Horizontal Irradiation, DHI) in conjunction with their temporal evolution through the seasons of the year. This communication introduces the Solar Atlas over the French region of Provence-Alpes-Côte d'Azur (PACA) which aims at fulfilling these requirements. The PACA Solar Atlas was launched in January 2009 and has been finalized in December 2010. The purpose is to create 250 m resolution solar maps for different plane orientations: horizontal, tilted and normal to sun rays. The atlas will account for the temporal intra and inter-annual variations on a monthly basis of the different components of the incident sun radiation.
It exploits the advantages of both the satellite-based solar radiation databases and the in situ ground station measurements. Satellite-based datasets provide homogeneous information over a large area, but with a spatial resolution limited to the one of the satellite image. Networks of ground stations generally offer very precise information at the location of the stations but the geographical distribution of this information is scarce and heterogeneous. The PACA Solar Atlas combines both sources of radiation by calibrating the satellite-based solar radiation database HelioClim-3 using the available ground stations.
The enhancement of the spatial resolution from the approx. 5 km of HelioClim-3 to the announced 250 meters of the atlas has been achieved using the high resolution Digital Elevation Model (DEM) named Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007) . This orographic information is exploited to modulate the intra-pixel radiation due to the shadowing effect of the horizon and to introduce the variation of the atmospheric layer thickness above a given geographical location.
Mines ParisTech, located in Sophia Antipolis in the French Riviera, realized the Solar Atlas project thanks to the support and funding of local and regional organizations and councils: ADEME PACA, the PACA region, the council of the Department "Alpes Maritimes", as well as CAPENERGIES, a competitive cluster for Energy in PACA. One reason which motivated this investment is the weakness of the electrical network in the French department of "Alpes Maritimes". Indeed, only one double line provides the electricity from the national electricity network to the whole department, due to the fact that the PACA region is located at the end of one of the distribution lines. This drastic constraint led several times to a shortage of electricity during a few hours, for instance like a freezing morning in winter 2009. Therefore, regional organizations and councils are interested in promoting alternative electricity generation and associated tools.
This orientation in the energy policy of our region is coherent with the large increase in the number of PV installations, and with the growing interest of the population and companies for the renewable energies. The PACA Solar Atlas is designed for a wide audience by providing an access-free tool for all to discover or exploit the solar potential of the region. With its online map and time series services, it is an interesting hal-00630734, version 1 -10 Oct 2011 Author manuscript, published in "ISES Solar World Congress 2011 , Kassel : Germany (2011 trade-off between an educative and a fully expert tool to access the solar radiation information. It is suitable for sizing large and small individual solar systems (small PV system, solar water heating systems, etc). Accurate and well-presented solar maps are concrete and instructive for everybody (e.g. education) to promote solar energy.
Data and calibration
Since February 2004, the Heliosat-2 algorithm (Rigollier et al. 2004) applied to Meteosat Second Generation (MSG) SEVIRI images has been used to update, every night, the solar resource database HelioClim-3 (HC3). This database covers Europe, Africa, the Mediterranean Basin, the Atlantic Ocean and part of the Indian Ocean with a spatial resolution of approximately 5 km (see Fig. 1 ) at a fifteen minutes temporal resolution. The MSG data are received in real time from Eumetsat and processed overnight. The ground stations used for the HC3 calibration over the PACA region are displayed on Fig. 2 . They consist in twenty-nine ground stations from Météo France (MF, blue markers) and three Rotating Shadowband Pyranometers (RSP, red squares) dedicated to the project. The blue triangles identify the MF stations located in mountainous areas, i.e. the MF stations affected by the shadowing effect of the horizon. To make the HC3 data and the ground station measurements comparable, mountainous ground station data have been specifically processed to take into account the horizon effect in the calibration procedure. The three RSP stations were expressly rent for the duration of the project, to the company CSP Service, a spin-off of the German national centre for aeronautics and space (DLR). They provide global and diffuse irradiation on the horizontal plane with a 10 minutes sampling, as well as the ambient temperature and the relative humidity. The RSP systems return accurate values and are very robust with respect to dust and misalignments (Geuder et al. 2003) .
Most stations of the MF network only provide GHI. In the zone of interest, only the station of Carpentras, which also belongs to the high quality ground station network Baseline Surface Radiation Network (BSRN, www.bsrn.awi.de) network, also returns DHI and BNI values (Ohmura et al. 1998) . The dedicated RSP stations deliver complete GHI, DHI and BNI information; please note that this last is computed and not directly measured like the other two components.
The calibration was performed on the data reduced to a daily basis. This avoids the need to take into account the numerous missing hourly values in the MF data, as well as the potential time shift which we noticed in the past. These imperfections are smoothed out with the daily time step. Only full day of data have been considered in the evaluation and calibration protocols.
The data quality control described in Geiger et al. (2002) and Long and Shi (2006) has been applied to the data from all the stations. Also an analysis of the distribution of missing data in the period from 2004 to 2010 has been done in order to exclude stations that do not have in this period a sufficient number of daily observations for statistical studies. After these procedures, twenty MF stations were deemed of satisfying quality, and were used for the project with the three RSP stations.
First of all, a method for the parametric correction of the HC3 data was determined. The parameters of the calibration have been estimated at each exact location of the stations. Then, next step consisted in propagating these limited number of discrete correction parameters to whole area of the PACA region (Baillargeon 2005 , Wahba et al. 1990 . After several tests, the thin plate interpolation method (Xia et al. 2000) turned out to return the most appropriate maps of correction parameters to be directly applied on the HC3 irradiation maps.
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Horizon
The spatial resolution enhancement is obtained exploiting two HC3 intra-pixel effects induced by the relief, the optical depth variations of the atmosphere and the shadowing effect from the far horizon (Dozier and Frew 1990, Pavlis et al. 2006.) . The DEM used for this spatial resolution improvement is SRTM (Farr et al. 2007) , with 100 m of spatial resolution and a localization accuracy better than 10 m.
Abdel Wahab et al. (2008) show that the irradiation values can be modulated by the optical depth variations of the atmosphere. For instance, at the summit of a mountain, the atmospheric thickness is smaller than at the bottom of a valley. As the atmosphere thins, more radiation reaches the ground. Consequently, the intra pixel radiation value can be multiplied by a coefficient which is a function of the altitude.
But the main influence of orography on the different radiation components is the shadowing effect produced by the horizon at a given geographical location. Fig. 3 depicts an example of the orographic horizon (black area) and the different trajectories of the sun along the year (yellow lines) in clear sky conditions. In the first and last hours of the days, the sun is occulted by the surrounding hills and mountains. To achieve this purpose, the different components of the intra-pixel radiation have been modulated using the models proposed by Ruiz-Arias (2009). Beside an isotropic model for the DHI and the "on/off" behaviour of the Beam Horizontal Irradiation (BHI) component when the sun is masked behind the horizon, this publication has investigated the impact of the circumsolar ring of the sun during daytime into the diffuse component.
Results
The methodology for the atlas creation can be summarized into the following steps: The results are maps of the annual and monthly values for the three solar irradiation components with a spatial resolution of 250 m over the PACA region. These maps are available for horizontal incidence of the solar components as well as for incidence on normal and tilted planes. Fig. 4 and 5 are two examples of yearly sums of GHI and BNI respectively.
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Validation and estimation of the uncertainty of the solar atlas
The uncertainties of the monthly sums of GHI provided by the solar atlas have been assessed in two ways:
 The statistical analysis, before and after the calibration procedure, of the residual discrepancies of the estimation of the monthly sums of GHI with respect to the twenty MF meteorological ground stations. In addition, as all these stations have been used for the calibration, a statistical analysis based on the LeaveOne-Out Cross-Validation (LOOCV) approach (Arlot and Celisse, 2010) was also made.
 The statistical analysis, before and after the calibration procedure, of the residual discrepancies of the estimation of the monthly sums of GHI with respect the three RSP stations considered as test stations because they have not been used for the calibration.
The statistical measures of the discrepancy of a time series of irradiation with respect to a reference are the mean bias error (MBE), the mean absolute error (MAE), the root mean square error (RMSE) and the correlation coefficient (CC). Apart from the last one, these measures are relative to the mean value of the reference time series (MREF) and are expressed in percentage. NDATA corresponds to the number of data that have been used for the comparison. Table 1 : Results of the statistical analyses of the monthly GHI estimation error between HC3 and the ground station measurements before the calibration of HC3 and the correction from the orographic effects. Table 2 gives the results of these statistical analyses between the ground stations and HC3 after calibration and correction from orographic effects. The statistical comparisons with the MF stations without and with the LOOCV approach and with the RSP stations are corroborating each other. The MBE of the estimation of monthly sums of GHI is less than 1 % and its RMSE is close to 5 % (i.e. ~ 7 kWh/m 2 ). It is important to note that these values are an average over the region. For mountainous areas, the RMSE is around 6 % (with almost no bias) whereas for non mountainous areas, the value is around 3.5 %. Table 2 : Results of the statistical analyses for the uncertainty of the monthly sums of GHI provided by the solar atlas. Fig. 7 represents graphically these statistical results after calibration and orographic effects correction of HC3 at all the ground stations locations over the PACA region. We have also analyzed the quality of the monthly HC3 BNI values after the calibration and orography corrections. For the estimation of monthly sums of BNI, the statistical analysis was based on the comparisons with the only MF station providing BNI measurements (Carpentras) and the three RSP stations. Table 3 gives the results of this analysis. Although the mean bias error is still lower than 1 %, the RMSE for the BNI estimation is around 8 % (i.e. ~12.5 kWh/m 2 ) and is greater than for the GHI estimation.
NDATA MREF MBE MAE RMSE CC

Monthly sums of DNI (1 MF stations and 3 RSP stations)
112 months 156 kWh/m² 0.9 % 6.3 % 7.9 % 0.977 hal-00630734, version 1 -10 Oct 2011
Conclusion, dissemination and perspectives
A new solar atlas over the French region of Provence-Alpes-Côte d'Azur (PACA) has been presented. It is based on the satellite-derived solar database Helioclim-3 (HC3) calibrated with ground stations. The spatial resolution has been increased from 5 km to 250 m using the DEM SRTM (Farr et al., 2007) . This enhancement has been achieved taking into account the variation of the incident solar irradiation, inside of each of the HC3 pixels, in two ways: considering the fraction of the sky hidden by the orographic horizon as well as the effect of optical path length variation due to terrain elevation.
The solar atlas PACA is freely available at www.atlas-solaire.fr. It provides yearly averaged irradiation maps for the GHI, DHI and BNI solar components, as well as their monthly variation for all the period of HC3 (2004) (2005) (2006) (2007) (2008) (2009) (2010) . The availability of this different irradiation information as well as the spatial and temporal resolution of the atlas is suitable as a help in choosing the location, the calculation of profitability or the sizing of photovoltaic or thermodynamic solar power systems.
The regional organizations and councils which funded the project believe that the local atlas represents an efficient promotion tool for alternative electricity generation and for help in decision making. It enables a better prediction to control the introduction of renewable energies in the local grid.
The uncertainty of the atlas has been established by a direct statistical analysis with a set of reference ground stations as well as by cross-validation error estimation. The RMSE of monthly irradiation estimation is about 5 % (i.e. ~ 7 kWh/m 2 ) for the global irradiation on horizontal plane, without significant bias error. The RMSE of monthly direct normal irradiation is about 8 % (i.e. ~12.5 kWh/m 2 ).
The developed web map service of the atlas is coherent with the Open Geospatial Consortium (OGC) conventions, and is available at www.webservice-energy.org/mapserv/atlas_paca_v1.0_beta. A nonexhaustive list of clients for visualization and exploitation can be composed of Google Earth (WMS implementation), Web GIS clients (GEO-portal and the GIS of the French department of ecology CARMEN), GIS software (e.g. the freeware Quantum-GIS).
Further actions to disseminate and extend the basis of the current work have already started.
 In the European FP7 funded ENDORSE project (www.endorse-fp7.eu) the PACA Solar Atlas will be improved and disseminated further as a downstream service, paving the way to extend this concept to other regions in Europe. In particular, the atlas will be enriched with more information layers like the minimum/maximum temperatures, the maximum of the monthly wind speed, the distances to the nearest electricity grid line, …  In the German Federal Ministry for Environment, Nature Conservation and Nuclear Safety under the International Climate Initiative funded SolarMedAtlas project (www.solar-med-atlas.com), an atlas covering the countries located on the south of the Mediterranean sea will be made available to facilitate the development of solar energy projects in this region.
The lack of availability of ground station GHI data in some regions is currently an issue to extend this Solar Atlas concept in all the zones with high solar potential. This issue is even more acute for the measure of BNI. To overcome these limitations and lighten the need for ground station calibration, models to obtain irradiation from satellite images need to be improved.
